Background--Hypothermia has been associated with therapeutic benefits including reduced mortality and better neurologic outcomes in survivors of cardiac arrest. However, undesirable side effects have been reported in patients undergoing coronary interventions. Using a large animal model of temperature management, we aimed to describe how temperature interferes with the coronary vasculature.
F or centuries, pathophysiological features of hypothermia have been studied, and used, for multiple clinical purposes. 1 In recent decades, the influence of hypothermia on metabolic reactions and biologic processes has emerged as a promising therapeutic tool to endure ischemic injury. 2 In particular, therapeutic hypothermia (TH) has been explored to ameliorate brain injury associated with ischemia and reperfusion after cardiac arrest. 3 In this context, TH applied in survivors of out-of-hospital cardiac arrest (OHCA) was initially related to remarkable improvement in neurologic outcomes and mortality. 4, 5 As the use of TH has spread into clinical practice and new clinical trials have been performed, uncertainties about the advantages of TH have emerged, 6, 7 along with the report of undesirable side effects. 8 Vascular and blood disorders play a central role in TH-related side effects and further study is needed to better understand the implications and limitations of TH in clinical practice. 9 Relevant alterations in coronary vasculature require special consideration, as coronary syndromes are related to the majority of OHCA. 10, 11 In this context, slow blood flow, 12 endothelial dysfunction, 13 and thrombotic events including stent thrombosis 8, 14 have been reported, giving rise to controversy about TH use in patients undergoing percutaneous coronary intervention (PCI). 15 Coronary-specific regulatory mechanisms 16 and the presence of multiple variables affecting coronary vessels in patients with OHCA complicate efforts to elucidate the role and independent contribution of TH in the reported side effects. Based on this scenario, we aimed to study the pure effects of mild hypothermia (MiHT; 34°C), moderate hypothermia (MoHT; 32°C), and rewarming (38°C) on coronary hemodynamics and endothelial function in a large animal model of whole-body temperature management.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
All procedures were conducted following the European Directive 2010/63/UE and Spanish RD 53/2013 regulations related to the Guide for the Care and Use of Laboratory Animals. The study protocol was approved by the Animal Experimentation Ethics Committee of the University of Barcelona (approval reference number: DAAM 7842).
Study Design
Twelve Landrace x Large White female pigs (32.5AE3.6 kg) were used to study the influence of temperature management on coronary hemodynamics and endothelial function. Animals were distributed in 2 protocols according to temperature challenge: normothermia (38°C) and MiHT (34°C), followed by either rewarming (38°C) (rewarming protocol; n=6) or MoHT (32°C) (MoHT protocol; n=6). At each temperature time point, coronary hemodynamics (blood velocity and pressure) and in vivo endothelial-independent and -dependent vasodilatory function were studied, at rest and after intracoronary drug challenges. After completing each temperature protocol, undisturbed coronary arteries were collected for in vitro vascular reactivity study (Figure 1 ).
Animal Preparation and Coronary Catheterization
Fasting animals were sedated with intramuscular ketamine (6 mg/kg,), xylazine (3.5 mg/kg,) and midazolam (0.15 mg/kg). The marginal ear vein was cannulated and a bolus of sodium thiopental (5 mg/kg) was administered for anesthesia induction, then animals were orotracheally intubated. Volume-controlled ventilation settings were modified according to animal weight to maintain normocapnia and normoxia. Anesthesia was maintained with continuous intravenous propofol (10 mg/kg per minute) and analgesia was provided with fentanyl (0.005-0.01 mg/kg per hour). Heart electric activity was assessed with 3-lead ECG. Right femoral artery was surgically exposed and an 8F introducer was inserted for blood pressure measurement and access to coronary catheterization. At each temperature time point, left circumflex artery (LCx) was cannulated with a 6F guiding catheter using standard over-the-wire technique. The LCx was chosen for in vivo coronary assessments as its anatomy is well preserved in animals and has a larger diameter, compared with the left anterior descending artery, in the breed of pigs used in this study. Heparin was used to maintain appropriate anticoagulation throughout the experiment. A bolus of 9000 IU was administered before coronary catheterization, followed by repeated boluses of 3000 IU each hour. The right external jugular vein and right femoral vein were also surgically instrumented. Jugular access was used for rapid liquid infusions, while the femoral vein access was employed for continuous monitoring of the central blood temperature and pressure with a Swan-Ganz catheter, placed in the inferior cava vein to avoid catheter interference when obtaining coronary angiographies. A small midline abdominal incision was made to visualize and probe the urine bladder with a 23G Foley catheter. Furosemide (bolus of 5 mg) was administered, when needed, to maintain a normal central venous pressure and slight positive fluid balance. Bolus of pancuronium bromide (0.15-0.3 mg/kg) was administered to treat hypothermia-related shivering episodes. Heart rate, invasive arterial pressures, diuresis, and temperature were continuously monitored and recorded every 15 minutes throughout the experiment.
Whole-Body Temperature Management
Central blood temperature was managed with a combined approach to induce MiHT and MoHT: superficial cooling (6 ice packs, placed on the thoracoabdominal region, both axillae,
Clinical Perspective
What Is New?
• Coronary hemodynamics are influenced by temperature.
Moderate hypothermia slows coronary blood velocity and augments microvascular resistance in healthy coronary vasculature. • Moderate hypothermia alters coronary endothelium function.
By increasing NO, hypothermia modifies endothelium-dependent vasodilatory potential in healthy coronary arteries.
What Are the Clinical Implications?
• In patients undergoing targeted-temperature management protocols, hypothermia-driven alterations of coronary hemodynamics could hamper physiology-guided coronary assessments of healthy vasculature. • At 32°C, NO-mediated endothelium hyperreactivity could lead to an overestimation of endothelial-dependent coronary vasodilatory capacity. and groins) and invasive cooling (4°C crystalloids [0.9% NaCl; 500 mL/h], administered as previously described 17 ). Animals in the rewarming protocol were covered with an external heating blanket over the entire body surface and 38°C crystalloid was administered (0.9% NaCl; 500 mL/h).
Intracoronary Drug Protocol
At each time point, the LCx artery was challenged with intracoronary nitroglycerin (2 mL of 100 lg/mL; rapid bolus) (Solnitrina, Kern Pharma), bradykinin (3 mL of 10 À6 mol/L; 1 mL/min) (B3259, Merck KGaA), and ATP (3 mL of 166 lg/ mL; rapid bolus) (Atepod ın, Medix). Drugs were diluted in 0.9% saline and always administered in the same order, followed by 3 mL 0.9% saline (1 mL/min) washout. To avoid drug interferences, a blanking period based on the half-life of each drug and previous tests (J. Bobi, et al, unpublished data, 2016) was established between administrations: 2 minutes between nitroglycerin and bradykinin, and 5 minutes between bradykinin and ATP administrations.
In Vivo Assessment of Coronary Hemodynamics
Coronary blood velocity and pressure were obtained from a Doppler flow/pressure wire (ComboWire, Volcano) and visualized in a ComboMap console. After cannulating the LCx with a 6F guiding catheter using standard over-the-wire techniques, 18 the flow/pressure wire was advanced and retrogradely positioned in order to maximize stability of the Doppler signal through intracoronary drug challenges. At each time point, coronary blood velocity (cm/s) and pressure (mm Hg) were measured at rest and during the peak effect of the administered drugs. Parameters derived from velocity and pressure, including average peak velocity (cm/s), fractional flow reserve, coronary flow reserve, and microvascular resistances (MR; mm Hg/cm per second), were used to assess influence of temperature on coronary hemodynamics ( Figure 2 ). All measurements were recorded and analyzed using dedicated software (ComboMap Software, Volcano Corporation).
In Vivo Coronary Vasodilation Assessed by Quantitative Coronary Angiography
Along with coronary hemodynamics, vasodilatory capacity of coronary arteries was used to study the effects of temperature on coronary endothelium. At each study time point, coronary angiographies of the LCx were obtained at rest and after endothelium-independent (nitroglycerin) and -dependent (bradykinin) drug administration, and at pharmacologically induced hyperemia (ATP). In order to not interfere with the flow and pressure-derived measurements, radiopaque contrast (Iomeprol 350 mg/mL, Iomeron 350, Bracco) was administered and images were obtained 3 seconds after each drug-induced peak of flow detected by the Doppler wire. The diameters were then measured using quantitative coronary analysis (QAngio XA, Medis Medical Imaging Systems) by 2 blinded experienced investigators. A nondisturbed and distalto-wire branch (1.0-2.0 mm in diameter) was selected on a baseline image by agreement of both investigators and then measured for all time points and drug challenges. 
In Vitro Vascular Reactivity in Temperature-Preconditioned Coronary Arteries
Immediately after MoHT or rewarming protocols, animals were euthanized, with an overdose of propofol and fentanyl followed by 60 mEq of potassium chloride, and the heart was excised. The left anterior descending coronary artery, which was not disturbed during in vivo coronary assessments, was carefully dissected, cleaned of surrounding tissue, and kept overnight in ice-cold Leibovitz medium. Coronary rings (4 mm) were mounted in organ bath for isometric recording of tension as previously described. 19 Briefly, 2 stainless-steel holders (100 lm in diameter) were introduced through the arterial lumen and placed in a 20 mL tissue bath containing modified Krebs-Henseleit (in mmol/L: NaCl 115; KCl 4.6; KH 2 PO 4 1.2; MgCl 2 1.2; CaCl 2 2.5; NaHCO 3 25; glucoses 11.1; EDTA 0.01, pH 7.3-7.4), kept at 37°C and aerated with 95% O 2 /5% CO 2 for isometric force measurements. 19 Optimal tension was assessed in preliminary experiments by subjecting arterial segments to different resting tensions and challenging with 100 mmol/L KCl. The vessels were stretched to 10 mN, washed, and allowed to equilibrate for 30 minutes. After equilibration, each ring was precontracted with the thromboxane A2 analogue U46619 (1 lmol/L) and challenged for endothelium-dependent relaxation with bradykinin (100 pmol/ L to 10 lmol/L) and ATP (10 nmol/L to 30 lmol/L). The influence of NO and prostaglandins on endothelium-dependent relaxation was determined by treating coronary arteries with the nonselective NO synthase inhibitor (N(x)-nitro-L-arginine methyl ester [L-NAME], 100 lmol/L) or with the cyclooxygenase inhibitor indomethacin (10 lmol/L). Incubation with inhibitors started 30 minutes before contraction with U46619 and was maintained throughout the experiments. Changes in isometric force were recorded using Chart version 3.4/s software and a MacLab/8e data acquisition system (ADInstruments). Sigmoidal curve fitting was performed on concentration-response curve data using GraphPad Prism software (version 7.0; GraphPad Software). Maximal vasodilator responses were calculated and expressed relative to the maximal changes from the contraction produced by U46619 in each segment, which was determined as 0% relaxation.
Statistical Analysis
Statistical analysis was performed using SPSS software (version 23.0, IBM) and graphics dots were created on GraphPad Prism (version 5.00 for Windows). All data are represented as meanAESD. Because of interindividual variability of coronary vasculature, a univariate analysis of variance using a general linear model of repeated measures was used to study heart rate, mean arterial pressure, central venous pressure, coronary hemodynamics parameters, the diameter of a selected coronary segment before drug challenge, and diameter changes between temperature time points within each temperature protocol. All 3 time points were included in the analysis. The main effects were compared, when indicated, by Bonferroni post hoc test. Alterations in MR were also studied qualitatively by defining a cutoff value of 3 mm Hg/cm per second for microvascular dysfunction, based on the literature. 20 In quantitative coronary analysis, intraclass correlation coefficient was used to assess interobserver reliability on diameter measurements. Changes in in vitro relaxation curves between protocols were studied by 2-way ANOVA analysis. The area under the curve was calculated from each sigmoidal curve using GraphPad Prism software. The main effects were compared, when indicated, by ANOVA followed by Bonferroni post hoc test. Differences in milligrams of furosemide administration, elapsed time between time points, and fluid balance were assessed by Student t test.
Results

Coronary Catheterization and Temperature Management Protocol
All animals successfully completed both temperature protocols, as well as all intracoronary drug administrations at each temperature time point. Only 1 animal from each protocol presented transitory atrioventricular blockage after intracoronary adenosine (3 mL of 166 lg/mL, bolus). Nonetheless, animals returned to normal sinus rhythm without medical intervention. In both cases, intracoronary adenosine was repeated but dosage was reduced to half dose and no subsequent events were observed. Core temperature was properly controlled by temperatureconditioned crystalloid infusions combined with superficial cooling/heating in both protocols. The temperature target at each time point was constantly maintained within a AE0.5°C range during the 1-hour stabilization and coronary assessments. The time elapsed between temperature time points only differed between the rewarming and MoHT protocols between time points II and III, as more minutes were needed to reach the rewarming target from the MiHT time point, compared with the MoHT target (time points II to III: rewarming 165.0AE15.5 min versus MoHT 91.7AE20.5 min [P<0.001] and time points II to III: rewarming 165.0AE15.5 min versus MoHT 91.7AE20.5 min [P<0.001]*). Heart rate behavior differed between protocols, since it was maintained during the rewarming protocol but tended to slow down at time points II and III in the MoHT protocol. Conversely, mean arterial pressure and central venous pressure were maintained over time in both protocols ( 
Influence of Temperature on Coronary Hemodynamics
The pure effects of temperature on coronary hemodynamics were studied from resting and hyperemic-derived values. Variables obtained after nitroglycerin and bradykinin administrations were used to assess the impact of endothelium on the modulation of coronary hemodynamics by temperature. Coronary hemodynamics for each temperature time point, at rest and for each drug challenge, are summarized in Table 2 .
Coronary blood velocity before intracoronary drug protocol remained similar across time points in the rewarming protocol, but blood velocity changed significantly in the MoHT . In contrast, hyperemic average peak velocity was similar across time points and hyperemic coronary flow reserve did not change in rewarming and showed a tendency to increase in MoHT (P=0.181).
After nitroglycerin or bradykinin administrations, no relevant differences in hemodynamics were observed between time points in any of the protocols. Only average peak velocity after nitroglycerin decreased among MoHT time points, but this was not associated with a modification of coronary flow reserve after nitroglycerin.
The MR, at rest or hyperemia, did not differ significantly across temperature time points in either experimental protocol. However, MR before any intracoronary drug administration increased at 32°C (normothermia 4.9AE22 versus MiHT 5.9AE2.3 versus MoHT 9.6AE5.5 mm Hg/cm second, P=0.182) and, only in the rewarming protocol, hyperemic MR (hMR) remained below 3 mm Hg/cm per second across time points.
Hyperemic pressure-derived fractional flow reserve was maintained above 0.9 and was similar across different time points in both protocols. The administration of endotheliumindependent and -dependent vasodilators did not modify fractional flow reserve at any time point.
Temperature Modulation of In Vivo Coronary Endothelium-Dependent Vasodilation
Undisturbed branches of LCx of similar diameter (rewarming 1.53AE0.17 mm versus MoHT 1.61AE0.21 mm, P=0.418) were selected to analyze vasodilatory responses by quantitative coronary analysis. The intraclass correlation coefficient for interobserver measurements of segment diameter was 0.946. The diameters of selected segments at rest did not change significantly between time points in either protocol ( Table 3 ).
The analysis of change in diameter after intracoronary administration of the endothelium-independent drug (nitroglycerin) revealed similar coronary vasodilatory behavior across all time points in both the rewarming and MoHT protocols ( Figure 3A ). However, endothelium-dependent vasodilation was influenced by hypothermia, as the percent change of coronary diameters after bradykinin administration changed between temperature time points in the MoHT protocol, increasing at 32°C compared with normothermia (*normothermia 7.0AE8.9% change versus MiHT 9.0AE8.5% change versus *MoHT 24.0AE12.1% change; P=0.044, *P=0.025) ( Figure 3B ). No differences in the change of diameter induced at hyperemia (ATP) were observed in any protocol ( Figure 3C ).
Increased Vasorelaxation of Hypothermia-Preconditioned Coronary Rings Completely Relies on NO
After completing in vivo assessments, the influence of temperature on endothelial function was further determined in vitro in coronary rings isolated from undisturbed left anterior descending arteries. Five left anterior descending arteries from each temperature protocol were successfully harvested to assess vascular reactivity in the organ chamber. Parallel to the findings in vivo, rings from the MoHT protocol (isolated at 32°C) displayed a greater vasodilating potential when challenged with bradykinin, compared with the rewarming protocol (isolated at 38°C). Moreover, MoHT arteries showed increased ATP-induced relaxation in vitro when compared with rewarming vessels (Figure 4A ). L-NAME and indomethacin treatments were used to study the magnitude of the contribution of NO and prostaglandins, respectively, to the endothelium-dependent relaxation in rings from MoHT and rewarming protocols. When the influence of NO was removed by L-NAME treatment, not only was the augmented relaxation promoted by bradykinin in MoHT rings eliminated but vasorelaxation was completely suppressed. The same pattern of response was observed when stimulating L-NAME-treated MoHT arteries with ATP. This inhibitory effect was not observed in the rewarming protocol, where rings incubated with or without L-NAME presented similar relaxation curves when challenged with bradykinin. Surprisingly, when the influence of NO was removed from ATP-induced relaxation in the rewarming protocol, coronary segments treated with L-NAME showed a slightly increased vasodilatory response ( Figure 4B ). On the other hand, treatment with indomethacin did not modify bradykinin-and ATP-induced relaxation patterns in either the MoHT or rewarming segments ( Figure 4C ).
Discussion
In this large animal study, we analyzed the influence of the modulation of core temperature on coronary hemodynamics and endothelium. Our study found a significant adaptation of coronary vasculature to MoHT ( Figure 5 ), as supported by our main findings: (1) MoHT was associated with a slower coronary blood velocity and an elevated hMR, and (2) MoHT induced a modification of the coronary endothelium behavior by increasing its vasodilatory potential. This was confirmed in vitro by coronary rings isolated at 32°C, which showed an increase in relaxation when challenged with an endothelium-dependent vasodilator. In addition, in vitro vessel reactivity highlighted the key role of NO in this hypothermia-induced increased vasodilation. On the other hand, MiHT and rewarming were not associated with any significant change in coronary vasculature.
Hemodynamic Adaption of Coronary Vasculature to Hypothermia
The feasibility, safety, and utility of coronary physiology assessment, invasive or not, in coronary syndromes has been reported [20] [21] [22] [23] and is gaining impact in daily practice. This physiology-guided approach to study the coronary vasculature adds relevant information to the visual examination of coronary angiographies, for example, by revealing epicardial vasomotor dysfunction or microvascular disease. 24 Coronary blood flow velocity is frequently explored during both diagnostic and therapeutic coronary procedures. For example, the thrombolysis in myocardial infarction frame count is often used to estimate coronary blood flow after primary PCI. The usefulness of coronary blood flow assessment after PCI has been largely demonstrated, as slow flow and therefore high thrombolysis in myocardial infarction frame count values are associated with poor clinical outcomes in myocardial infarction. 25, 26 In our study, coronary blood velocity at MoHT decreased to half the normothermic values. In the context of coronary events, different factors, such as incomplete revascularization or microvascular obstruction, might induce slow blood flow. Nevertheless, it is unlikely that these factors would have influenced the slow blood flow at MoHT observed in our experimental model with healthy coronary vessels. More likely, the slow flow could be related to temperature-mediated changes in myocardium metabolism. In this sense, TH benefits have been attributed, in part, to the temperature-dependent metabolism slowdown. 27 As myocardial metabolism slows with decrease of temperature and oxygen consumption diminishes, 28, 29 coronary blood flow might also decrease since coronary oxygen supply is directly related to myocardium oxygen demand. 16 In this regard, further studies are needed to better describe the hypothermia-induced reduction of myocardial metabolism and its influence on coronary blood flow; for example, to investigate whether coronary flow remains slower in hypothermia and, at the same time, with a pharmacologically increased cardiac metabolism. Although the mechanisms behind are not clear yet, hypothermia-mediated decrease of blood flow is the result of a physiologic adaptation that could have further implications in clinical practice when assessing coronary blood velocity. Furthermore, sluggish coronary flow has been seen in patients with OHCA who have ST-segment-elevation myocardial infarction undergoing PCI 12 and has been proposed to favor prothrombotic states that may increase the risk of thromboembolic events such as stent thrombosis. The higher risk of stent thrombosis in patients with OHCA after PCI remains controversial 14, 15, 30, 31 and has recently ) show an effect of temperature on endothelium-dependent vasodilation with a significant increase in the percent change of diameter after administering bradykinin at 32°C time point. Left part of the bar chart (rewarming protocol) shows no differences in coronary vasodilation after bradykinin administration in the rewarming protocol. C, Bar chart depicts no statistical differences in the percent change in diameter at hyperemia (ATP) between time points in either protocol. Figure 4 . In vitro vasorelaxation of temperature preconditioned coronary rings. A, Left chart depicts increased relaxation of arteries from moderate hypothermia (MoHT), in comparison with the rewarming protocol, when challenged with bradykinin, a pure endothelium-dependent vasodilator. ATP relaxation curves also showed a greater potential to relax in MoHT rings, compared with rewarming, as shown in the right chart. B, Treatment with the nonselective NO inhibitor, N (x)-nitro-L-arginine methyl ester (L-NAME), resulted in a complete suppression of bradykinin-(left chart) and ATP-induced (right chart) relaxation in coronary rings from the MoHT protocol. On the other hand, L-NAME did not modify the bradykinin relaxation curve (left chart) and augmented the potential of relaxation induced by ATP (right chart) in rings from the rewarming protocol. C, Indomethacin, a cyclooxygenase inhibitor, did not modify either bradykinin-(left chart) or ATPinduced (right chart) relaxation curves in either protocol. been attributed to the cardiac arrest pathophysiology 8 rather than the actual effects of body temperature. 32, 33 Although we observed a reduction in coronary blood velocity in MoHT at rest, it did not notably affect the capacity of coronary vasculature to increase flow (coronary flow reserve) at hyperemia or after the administration of endothelium-dependent or -independent vasodilators. Nonetheless, the peak velocity after intracoronary administration of nitroglycerin was limited in MoHT. A possible explanation for this finding is that the effect of nitroglycerin, an NO donor, is more intense in epicardial coronary arteries compared with the microvasculature. 34 The microvascular compartment substantially determines coronary flow 35 and, therefore, the elevated MR that we observed at MoHT could be limiting the peak velocity in nitroglycerin-induced vasodilation. In this context, the importance of the microvascular compartment in ischemic heart disease is gaining attention in interventional cardiology practice. Assessment of the microvascular compartment with hMR or the index of microvascular resistance, 36 a thermodilution-based method, has demonstrated its usefulness as a prognostic tool. [20] [21] [22] Indeed, a cutoff value of 3 mm Hg/cm per second of hyperemic MR has been associated with microvascular injury and poor clinical outcomes in myocardial infarction. 20 Interestingly, in our protocol, the hMR of nonischemic coronary vasculature exceeded the 3 mm Hg/cm per second cutoff value at MoHT. This finding might be relevant, as it would suggest that MoHT could hinder the diagnosis of microvascular dysfunction by masking normal hMR values, as we also proposed for the hypothermia-induced slow blood velocity. These results raise further questions since previous preclinical studies have linked TH to reduced microvascular ischemic injury by limiting the no-reflow areas 37 and preserving microvasculature. 38 To the best of our knowledge, the earlier studies did not perform direct measurements of coronary hMR; however, it would be interesting to investigate whether in the setting of MI, despite a higher preservation of microvasculature, hMR is also increased in hypothermia. To clarify the influence of hypothermia on coronary hemodynamics, and particularly the changes mediated by the microvascular compartment, further studies using preclinical models of acute myocardial infarction or epicardial stenosis, which more closely resemble the clinical scenario, are needed.
Another key finding of our study is the role of the degree of hypothermia in the described modifications of coronary hemodynamics. The changes in coronary blood flow and microvascular resistance were uniquely observed at 32°C hypothermia. Although we cannot completely rule out that coronary physiology remains unaltered in more extended 34°C hypothermia, our results and previous preclinical data 38 suggest it could be reasonable to assume a dose dependency of the impact of hypothermia on coronary vasculature and myocardium. 
Role of Endothelium on Coronary Modulation by Temperature
Endothelium is critical in the control of vascular function. In physiological conditions, endothelial cells release vasoactive mediators to maintain vessel homeostasis. In TH, endothelium has been studied to better understand its benefits and undesirable side effects. 13 In this context, endothelium dysfunction can be defined as an inappropriate response mediated by a decrease in the production or bioavailability of NO via specific alterations. 16 By assessing coronary vasodilation with endothelium-dependent and -independent drugs at different temperatures, we investigated the potential endothelial dysfunction promoted by hypothermia. As a result, we found that coronary endothelium-dependent vasodilatory capacity was modified in hypothermia, but contrary to what would be expected, it showed greater potential to vasodilate at 32°C. Moreover, the vasodilatory function of the studied coronary vessels remained unaltered when challenged with an endothelium-independent vasodilator at different temperatures, highlighting the importance of endothelium in the hypothermia-mediated increase in vasodilation. Although the observed results do not meet the criteria of the original definition of endothelial dysfunction, they may indicate a direct influence of MoHT on the coronary endothelium by increasing its reactivity. On the other hand, we cannot discard the possibility that the aforementioned effect of hypothermia on endothelial cells leads to different outcomes in the presence of ischemic events, as previously reported in patients with OHCA and ST-segment-elevation myocardial infarction who show endothelial impairment. 13 Similar to in vivo results, in vitro MoHT-preconditioned arteries challenged with bradykinin also displayed an endothelial vasodilatory hyperreactivity. Remarkably, the increased vasodilatory effect not only disappeared when adding an NO synthase inhibitor (L-NAME), but bradykinin-induced relaxation was completely eliminated. On the other hand, cyclooxygenase inhibition (indomethacin) did not significantly modify bradykinin relaxation properties. In isolated coronary arteries from healthy pigs, the endothelium-dependent relaxation elicited by bradykinin is only partially dependent on NO or cyclooxygenase-derived products, and mostly attributable to the endothelium-derived hyperpolarizing factor. 39, 40 Among the candidates, H 2 O 2 has been raised as an endogenous endothelium-derived hyperpolarizing factor that plays an important role in coronary circulation in animal models 41 and humans. 42 As we mentioned above, the decrease in temperature affects metabolism and oxygen supply in the myocardium, which may lead to a reduction of reactive oxygen species production, including H 2 O 2 . 43 Although our study cannot establish a direct correlation, it is plausible that a decrease in H 2 O 2 during MoHT shifts the contribution of endothelium-derived hyperpolarizing factor/H 2 O 2 to an NO-mediated endothelium-dependent vasodilation, which is recovered during rewarming. In our study, only rewarming-preconditioned coronary rings displayed the above-mentioned pattern and rings from MoHT protocol showed an apparent shift from endothelium-derived hyperpolarizing factor-mediated to NO-dependent vasodilation. These findings were supported by the results obtained from coronary rings challenged with ATP, which dilates porcine coronary arteries in an endothelium-dependent, NO-mediated manner. 40 Although the higher in vivo vasodilatory capacity at 32°C after ATP administration did not reach statistical significance, MoHTpreconditioned coronary rings in vitro challenged with ATP displayed greater relaxation compared with vessels from the rewarming protocol. Similar to what was observed with bradykinin, the L-NAME incubation completely blocked the endothelium-dependent relaxation in the MoHT protocol. These results suggest the essential role of NO in the regulation of vasculature in hypothermia. In this sense, our data support previous preclinical studies illustrating an upregulated expression of NO in hypothermia. 3, 44, 45 Clinical Relevance Currently, the routine use of urgent coronary angiography and PCI play a pivotal role in the therapeutic strategies of comatose patients following cardiac arrest. 11, [46] [47] [48] According to European and American guidelines, 49, 50 survivors of OHCA undergoing coronary interventions may be subjected to targeted temperature management protocols to maintain core temperature between 32°C and 36°C during the first 33 hours after cardiac arrest.
Although we did not consider the potential interactions of hypothermia with atherosclerotic coronary arteries, our findings that the coronary hemodynamics of healthy arteries were not the same in hypothermia as in normothermia might have clinical relevance. In particular, 32°C hypothermia could be masking reference values of some parameters used in the assessment of coronary physiology by slowing down the blood flow and increasing hMR, thereby hampering the analysis of these parameters for diagnostic purposes. If confirmed in clinical practice, this could imply a need to adjust the reference values of coronary hemodynamics in hypothermia. Moreover, the NO-mediated endothelium hyperreactivity observed at 32°C could lead to an overestimation of endothelial-dependent coronary vasodilatory capacity.
Limitations
The swine model for cardiovascular interventions is well accepted and provides relevant clinical data because of the anatomical and physiological similarities between human and porcine coronary vessels. However, the young age of the animals, the healthy status of the coronary vessels, and the lack of comorbidities represent a limitation when extrapolating results from this model to patients with OHCA undergoing coronary interventions. Another limitation of the study is the physiological temperature of pigs (38°C), which is higher than that of humans (36°C). Nonetheless, this animal model has been used in previous translational studies about hypothermia. 38 Last, all of the in vivo assessments were performed after 1 hour of stable targeted temperature; thus, we do not know whether our findings are maintained after longer periods of 32°C targeted temperature management.
Conclusions
We observed that MoHT modified the behavior of coronary vasculature in a large animal model of temperature management. Coronary hemodynamics were modified at 32°C, characterized by slowed blood flow and elevated resistance of microvasculature. In addition, hypothermia altered coronary endothelium function, as evidenced by an exacerbated response to endothelium-dependent vasodilator mediated by NO. Our findings highlight the relevance of the impact of hypothermia on healthy coronary vasculature and support the design of further studies to determine the magnitude of these interactions in clinical settings.
